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Despite the increasing number of applications of nano-sized particles (NP), there is a 
lack of systematic basic experimental studies on the physical basics of the interactions 
between NP and cell membranes. Here, we follow a bottom-up approach and 
investigate the intake of silica NP by Giant Unilamellar Vesicles (GUVs). We observe 
a massive nanoparticle uptake by fluid phase vesicles, but only above a specific ionic 
strength of the surrounding buffer solution. The uptake rates increase for decreasing 
NP size and increasing NaCl concentration. A correlation of ionic strength and 
adhesion force between the lipid membrane and the NP can explain this dependency. 
We discuss these effects employing a model which considers NP diffusion and an 
effective membrane permeability due to uptake-induced pores. Our findings contribute 
to a deeper understanding of the physics behind NP-membrane interactions as well as 




Nowadays, nanoparticles (NP) are not only ubiquitous in the food industry, cosmetics 
and biomedicine but have also become a promising tool for medical purposes. Due to 
their size, NP show distinct interaction mechanisms with biological membranes. Similar 
to biomolecules or viruses, NP can influence and penetrate cell membranes through 
several uptake pathways 1–5. Here, we focus on endocytosis-like uptake processes. In 
this context, the term “endocytosis-like” denotes uptake processes exhibiting two main 
steps: (I) an envelopment of the particle by the plasma membrane and (II) a 
subsequent fission process, in which enveloped particles are fully internalized 6.  
Besides the therapeutic use of NP, there are, however, also hazards associated with 
nanomaterials. NP-induced complications and inflammations during pregnancy have 
been observed in mice 7,8. These studies also indicate a significant size dependence 
of the observed effects. A systematic physical understanding of these processes is not 
only necessary for a better insight into the uptake machinery of living cells but also an 
important approach to the optimization of drug delivery systems 9,10. Gao et al. studied 
drug transport to mice brains by differently sized, drug-loaded NP. They found 
significantly higher drug delivery rates for NP with a diameter of 70 nm compared to 
larger NP 11. Using a cell-based in vitro blood-brain barrier (BBB) model, Hanada et al. 
report a maximum of the BBB permeability for silica nanoparticles of around 30 nm in 
diameter 12.  
It is crucial to understand the driving forces of NP uptake into cells through the plasma 
membrane. As we will show, the observed size effects in cellular particle uptake are 
not (or at least not solely) a result of active biochemical processes but can be explained 
by basic physical surface interactions. To elucidate the physical basics of the above-
mentioned biological mechanisms, we investigate similar -— though entirely passive 
— interaction processes between NP and lipid vesicles which can serve as universal 
model systems for biological membranes.  
As pointed out in several theoretical publications, for instance Deserno et al.13, an 
antagonism between adhesion forces on the one side and membrane tension and 
bending forces on the other can control the envelopment of single particles by 
biological membranes. However, there is still a lack of comparable experimental data 
on size-dependent uptake and especially on the dynamics of many-particle uptake 
events. As described elsewhere, in the uptake of a large number of particles by one 
cell or vesicle, the role of membrane tension becomes more important due to a 
competitive interaction between single particles 6.  
For a deeper understanding of these effects, we here present additional data on uptake 
dynamics and dependencies on particle concentration and adhesion strength. In 
particular, we varied the adhesion strength and thus the driving force for NP uptake by 
adjusting the salt concentration for different particle sizes and concentrations 14. In-
depth experiments on these aspects will be followed by a discussion of a plausible 
theoretical picture of adhesion-driven particle uptake. 
Materials and Methods 
Sample Preparation 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) dissolved in chloroform was 
purchased from Avanti Polar Lipids (Alabaster, Alabama, USA), 3,3′-
ditetradecyloxacarbocyanine (DiOC14) from Biotium Inc. (Hayward, CA, USA), 
Na2HPO4, NaH2PO4, sucrose and D-(+)-glucose monohydrate from Merck 
(Darmstadt, Germany). For aqueous solutions, ultrapure water (pure Aqua, Germany) 
with a specific resistance ≥18 MΩ was used.  
GUVs were prepared by electroformation, as first described by Angelova et al.15. In 
short, lipids in the desired ratio and 0.05 mol % of the fluorescent marker DiOC14 were 
mixed in chloroform and spread onto fluorine tin oxide (FTO)-coated glass slides. The 
solvent was thoroughly removed through vacuum evaporation. For the swelling 
procedure, a chamber was assembled from two of the slides and a spacer filled with 
150 mM sucrose solution. An AC voltage was applied for a minimum of 4 hours (𝑓 =
10Hz, 𝐸eff = 0.6V mm⁄ ) at room temperature. The osmolarity of all solutions was 
measured with an Osmomat 030 (Gonotec, Germany) and adjusted to 150 mM. 
Monodisperse, non-porous silica nanoparticles with silanol groups on the NP surface 
were purchased from nanoComposix (Prague, Czech Republic). Particle size 
distributions, surface area as well as the ζ-potentials were given by the manufacturer. 
These data can be found in Table 1. 
  
Table 1: Physical parameters of the silica nanoparticles  
Name Diameter (nm) ζ-potential (mV) surface area (m²/g) 
20 nm particles 21.9 ± 2.8 -16.1 120.6 
50 nm particles 48.1 ± 5.3 -53.2 55.4 
60 nm particles 57.8 ± 3.5 -44.7 46.8 
80 nm particles 82.6 ± 4.7 -32.7 32.8 
140 nm particles 142.4 ± 8.1 -42.6 18.5 
 
The particles were centrifuged and re-dispersed in ultrapure water twice to ensure high 
purity. The initial particle surface area concentration 𝐶A  (sum of the surface area of all 
particles in solution, 𝐶A = 𝐶(4π𝑟2)) was taken from the datasheets of the manufacturer 
and was adjusted to the values given in the results section. The medium used for the 
experiments was a HEPES buffered solution of glucose and NaCl. The pH was 
adjusted to a value of pH = 7. The osmolarities of medium and GUV-containing sucrose 
solutions were matched by the addition of glucose to prevent osmotic tension in the 
vesicle membrane. 
Cover glasses, which were used as observation plane, were coated with a film of 
agarose to prevent unspecific adhesion of the GUVs to the glass surface, which could, 
of course, influence the membrane tension. For this purpose, agarose was first 
dissolved in boiling water at a concentration of 25 mg/ml and then spin-coated onto 
O2-plasma cleaned microscope cover slides. The film was then dried on a hotplate at 
60°C. 
Experimental procedure  
A coated cover glass was fixed onto a microscope slide using double-sided adhesive 
tape with a thickness of about 200 µm to form a capillary chamber. GUVs and NP 
suspensions were gently mixed in the ratio of 195/5 and used to fill the observation 
chamber. Due to the density difference between glucose and sucrose, the GUVs sank 
to the bottom of the observation chamber. The colloidal stability of the particles was 
confirmed by dynamic light scattering (DLS) for each experimental condition using a 
90Plus Particle Size Analyzer (Brookhaven Instruments Corporation, New York, NY, 
USA, temperature 20 °C, viscosity 1.002 cP, ref. index fluid 1.331, angle 90 °, 
wavelength 666 nm, 5 Runs á 2 min, ref. index real 1.550). Unless otherwise specified, 
the particle concentration was adjusted to a surface area concentration of  𝐶A =
0.5 m2 l⁄ . The temperature in the observation chamber was stabilized to 𝑇 = 20 ℃ by 
a PID-controlled Peltier element embedded in an aluminum holder containing the 
observation chamber. 
As discussed in previous work 6, single particle uptake can be ingested by GUVs 
through an endocytosis-like mechanism as described below. During this process, 
membrane area is “consumed” and, as a consequence, the vesicle shrinks. The 
decrease in vesicle cross-sectional area was observed by fluorescence microscopy 
(Zeiss Axiovert 200M, Hamamatsu Orca G) and analyzed by a custom Image-J script. 
Since the vesicles maintain a spherical shape during the entire uptake process, the 
cross-sectional area can be converted directly into the vesicle surface area A(t). 
Model development 
General description of the “endocytosis-like” uptake mechanism 
In our previous work 6, we briefly discussed a model describing the simultaneous 
uptake of many single particles by a vesicle. As shown in Figure 1, we expect this 
process to be initiated by unspecific surface adhesion, represented by a contribution 
to the specific free energy per membrane area gadh < 0 and moderated mainly by 
vesicle tension and bending stiffness, i.e. the specific free energy per membrane area 
gten>0, gben > 0. 
 
 
FIGURE 1 A. Typical graph A(t) for the shrinking of a GUV during particle uptake and two micrographs at 
t = 0 min and t = 20 min. B(I). Illustration of NP envelopment by a lipid bilayer during NP uptake. The three 
energetic contributions for NP uptake are indicated, namely tension (caused by membrane imprinting), 
bending (due to the envelopment of the NP) and adhesion induced by a diluted ionic environment. B(II). NP 
uptake is completed after full envelopment of the NP. The resulting pore heals within a typical lifetime 6 . 
Figure 1B(I) and 1B(II) illustrate the uptake process. An NP adheres to the membrane 
and becomes enveloped by the membrane until the neck of the membrane breaks and 
releases the NP into the interior of the vesicle 16–22. Such a nanoparticle uptake will 
leave a transient membrane defect. Current models for membrane pore dynamics 
predict the existence of a metastable state for membrane pores with a typical diameter 
𝑅𝑝  of few nm and a typical lifetime τ of a few milliseconds, once a critical defect size 
is reached 23–25. The metastable value for 𝑅𝑝  is found to depend only weakly on the 
membrane tension. The lifetime, however, can be significantly prolonged by a 
membrane tension 𝜎 > 0. 
It should be mentioned that once a certain critical membrane tension is exceeded, such 
transient pores can become instable and lead to transient or destructive membrane 
break down 26,27. Since we have never observed any particle expulsions in our 
experiments, we expect all pores to be in a metastable state. 
 
Modelling uptake kinetics 
DOPC GUVs were chosen as a representative system for fluid membranes. We 
investigated particle uptake under varying NaCl concentrations from 0 mM to 90 mM. 
NP of different diameters (see Table 1 for further information) and concentrations 
(0.5 − 4.0 m2 l⁄ ) were used. 
We have shown previously that for ion concentrations above a critical value, vesicles 
shrink in diameter due to NP uptake 6.The change of vesicle surface area 𝐴(𝑡) is 
proportional to the number of internalized particles. A measurement of the vesicle 
surface area during particle uptake yields typical shrinkage curves as depicted in 
Figure 1A. Typically, the function 𝐴(𝑡) is rather complex and depends on various 
parameters which influence each other during NP uptake, as described in the following 
section. 
For the analysis of 𝐴(𝑡) we follow a simple empirical model of the uptake dynamics. 
We assume that two main mechanisms can determine the uptake rates and in 
consequence vesicle shrinking. Firstly, there will be a typical timescale for the 
permeation of a particle through the membrane. Secondly, the diffusion of NP from the 
surrounding NP reservoir to the vesicle will lead to the development of a depletion 
zone, i.e. a reduced relevant particle concentration near the vesicle surface. This 
situation is shown in Figure 2. For a given NP concentration 𝐶s in the vicinity of the 
vesicle, the rate of NP uptake depends on the membrane’s ability to deliver surface 
area. In a simplifying approximation, we describe the penetration of the membrane as 
a diffusive process. The uptake is thus limited by an effective permeability 𝑃 of the 
membrane and by the NP concentration at the vesicle surface 𝐶s.  
 
 
FIGURE 2 Due to NP uptake, a depletion zone develops in the vicinity of the vesicle’s surface, leading to a 
concentration gradient. This gradient results in a diffusion current Idif towards the vesicle. The NP uptake 
itself is described empirically by an internalization current Iint. 
As shown in the supporting information, the following expression for the time 
dependent area of the vesicle A(t) as function of membrane permeability, diffusion 























    (1) 
with 𝐾 as an integration constant and the Lambert-W-function 𝔚. 
Equation (1) can now be used to fit the experimental data. If either particle diffusion or 
membrane permeability dominate the process, we can approximate Equation (1) by 
much simpler expressions. 
Therefore, we introduce a dimensionless parameter 𝑋 to characterize the influence of 
the two limiting mechanisms: 
𝑋 ≔ 𝑃√𝐴 𝐷 ⁄   (2). 
For 𝑋 ≫ 1, NP uptake behavior depends primarily on the diffusion of NP towards the 
vesicle, whereas for 𝑋 ≪ 1 membrane permeability plays the major role. Both 
contributions have to be taken into account for 𝑋 ≈ 1.  










→ 𝐴0 − 𝐶∞
𝐴𝐴0𝑃𝑡   (4), 
with the initial surface area 𝐴0 = 𝐴(𝑡 = 0).  
 




A𝐷√𝐴(𝑡)  (5), 
leading to the solution: 




→ 𝐴0 − 2√(π𝐴0)𝐶∞
𝐴𝐷𝑡 (6). 
This solution corresponds to a convex parabola with its apex on the time-axis. 
Obviously, only the left side (t ≤ 0) of the parabola is physically relevant. After reaching 
𝐴 = 𝐴0, the vesicle surface area remains constant. For short observation times 𝑡, it is 
in both cases sufficient to employ a linear fitting function. 
Thus, the experiments shown in Figure 1 allow the determination of uptake rates which 
can be interpreted as permeability 𝑃, as long as only a small fraction of impacting 
particles is internalized. As soon as the uptake becomes very efficient, the uptake rate 
should be a measure of the particle diffusion constant. 
 
Energy considerations regarding NP size & ionic environment 
The membrane permeability 𝑃 is a consequence of the antagonism between different 
energy contributions, i.e. the thermodynamic forces controlling the single particle 
uptake. The basic free energy contributions in our model are the adhesion energy per 
unit area 𝑔adh on the one hand and its competitors on the other, namely bending energy 
𝑔ben and 𝑔ten, determining the free energy necessary for the expansion of the 
membrane against its surface tension 28. For NP envelopment, these contributions 
have to fulfill: 
𝑔adh  ≥  𝑔ben + 𝑔ten         (7). 
For spherical NP and a given bending modulus of about 𝜅 = 10−19J for fluid 
membranes with negligible spontaneous curvature 29, Helfrich’s expression for the 
bending energy per unit area 𝑔ben can be simplified to 
30: 
𝑔ben = 2𝜅 𝑟NP
2          (8)⁄ . 
Our particle radii imply bending energy densities in the range from 0.04 mJ m²⁄  to 
2.00 mJ m²⁄  for radii between 70 nm and 10 nm. 
At a first glance, the bending energy would thus favor the uptake of larger NP 
compared to smaller ones. However, the uptake of larger NP leads to higher 
membrane tension during the uptake of a single NP. The question arises of how 
bending and tension account for the energy contribution from Equation 7. In our 
experiments, we find the uptake to be more efficient the smaller the particle size is. 
Therefore, we expect 𝑔ten to be the dominant energy contribution controlling the uptake 
process. 
As described in our previous work 6, and as also found in our recent experiments, 
membrane tension can indeed stop further uptake after the intake of a certain number 
of particles. However, above the adhesion energy density 𝑔𝑎𝑑ℎ
∗ (𝑅), we observe 
unlimited particle uptake and vesicle shrinkage until a vesicle size below the resolution 
limit of our system. Since we never observe escaping particles, we hypothesize that 
the membrane tension (i.e. vesicle pressure) is released via particle-induced pores no 
larger than 15 nm in diameter. 
Dietrich et al. 21 describe how each NP adhering to the vesicle creates membrane 
tension depending on the state of penetration, quantified by a penetration parameter 𝑧 
(𝑧 = 0 indicating no penetration, and 𝑧 = 2 indicating full envelopment). The more NP 
are internalized, the more vesicle surface area 𝐴 is consumed, where 𝐴eq is the surface 
area at zero tension. These considerations imply conservation of volume as follows: 
𝐴 − 𝐴eq = 𝜋𝑟
2𝑧2 − 𝐴eq𝜀, where 𝜀 ≥ 0 is the relative area excess. Deserno et al. 
extended Dietrich’s model of membrane tension by including membrane bending 
induced by a single particle and set the theoretical background to our model 13. For our 
analysis, we simplify this model as follows: 
- We neglect the “neck” energy contribution during partial particle envelopment. 
- We neglect the bending energy contribution from the initial membrane curvature 
of the vesicle, since 𝑅 >> 𝑟 for all our experiments. 
For this case Deserno et al. give an expansion for the phase boundary between partial 















In our previous work 6, we gave an estimation for the maximum number N of 











where R describes the initial vesical radius. 
Instead of a deeper analysis of single particle uptake, we now look into the many-
particle uptake scenario.  
If we consider a fission process and subsequent pore formation, more particles can be 
internalized until the threshold number of internalized particles is reached. As soon as 
the pressure release per pore is “faster” than the pressure-rise due to particle uptake, 
the threshold number will approach infinity, resulting in a new phase of particle uptake. 
Thus, we envision a phase diagram of particle uptake with four phenomenological 
phases (see Figure 3): 
1) Particle uptake is impossible, if the condition in Equation 7 is not fulfilled 
2) Only partial uptake of particles is possible within the boundary described by 
Equation 9 
3) Above this boundary, a limited number of particles can be completely enveloped 
4) Additionally to these phases already covered 13, we hypothesize an additional 
phase of “unlimited” particle uptake, where particle uptake and subsequent volume 
loss through induced pores leads to vesicle shrinking. 
The boundaries of these phases can be found by numerical computation, based on the 
above conditions. Therefore, we need a model for pressure release through induced 
pores. 
Our first assumption is that each internalized particle induces a pore. The size of this 
pore will be determined by the interplay between surface and line tension. At a given 
pore radius Rp smaller than the membrane thickness of typically 𝑑 = 3𝑛𝑚, we can 
roughly describe the volume flow ?̇? through the pore by the Hagen-Poisseuille law 31: 








  (11) 
 where 𝜂 denotes the viscosity of the fluid inside the vesicle and 𝑝 the overpressure 
generated by particle uptake. The second identity thereby follows from the Young-
Laplace equation for a vesicle with radius 𝑅 and surface tension 𝜎. If we now assume 






We perform a time-discrete simulation, assuming particles arriving at a fixed rate per 
surface area. For each particle, the uptake possibility is evaluated according to the 
above criterion (Equation 9). Each uptake event induces a pore and the volume loss 
through the pores is calculated. Finally, the number of closing pores is calculated 
assuming a Poisson type probability distribution for pore closing given by the ratio of 
time step size and pore lifetime.  Based on this scheme a full phase diagram of particle 
uptake can be derived. 
 
If we look at two phase diagrams of constant pore parameters 𝜏 and 𝑅𝑝, we end up 
with 2-dimensional phase diagrams corresponding to a simplified version of the phase 
diagram in Desermo et al.13 (see Figure 3). However, the dark area represents the new 
phase of unlimited particle uptake.  
 
FIGURE 3 Plane phase diagrams for 𝛕 =  𝟓𝟎𝟎𝒎𝒔 and pore radii 𝑹𝒑 = 𝟓𝒏𝒎 (a) and 𝑹𝒑 = 𝟐𝒏𝒎 (b). The black 
overlay is adapted from Desermo et al.13. Obviously, phases 1, 2 and 3 correspond in both models except 
for very high tensions or very small vesicle radii. The differences can be explained by the simplifications 
explained in the text. We also see a new phase of unlimited particle uptake developing with longer pore 
lifetime.   
This allows for the examination of the minimal adhesion strength 𝑔𝑎𝑑ℎ
∗ (𝑟) for unlimited 
particle uptake, holding all other parameters constant at typical values for DOPC giant 
vesicles (see Table 2). 
  
 
Table 2: Simulation parameters   
Parameter Value 
Bending rigidity 4x10-20 J 32 
Area compression modulus 0.23 N/m 33 
Membrane thickness (hydrophobic core) 𝑑 2.8 nm 34 
Pore radius Rp 9 nm 
Pore life time 𝜏 500 ms 
 
Figure 4 shows the results, where the regime of unlimited particle uptake corresponds 
to the dark blue area. For a given adhesion strength 𝑔adh, we expect a lower threshold 
to the particle size due to bending limitation, as well as an upper threshold due to 
tension limitation. “Real” unlimited uptake i.e. uptake until complete vesicle collapse, 
is extremely energy-consuming for large particles, as shown in Figure 4a. In our 
experiments, however, we observe vesicles over a limited time, typically 20 min. A 
limited uptake of a very large number of particles cannot be discriminated from an 
unlimited uptake. To account for this, Figure 4b shows the simulation result for an 
alternative “apparently unlimited” uptake, when the uptake is strong enough to induce 
a shrinkage of the vesicle surface area of >1%.  
In the experiments described further below, we investigate a range of particle sizes 
between 𝑟 = 10𝑛𝑚 and 𝑟 = 70𝑛𝑚, i.e. we would expect to mainly observe the upper 
threshold in our experiments. The lower threshold was unfortunately not accessible in 
our experiments due to the size limits of the round silica particles available. To test the 
existence of a lower threshold, other model systems would have to be used. Moreover, 
other studies have shown that very small particles can directly penetrate the lipid 
membranes. In this case, our model would not be relevant. 
 
FIGURE 4 Phase boundaries for unlimited uptake for varying particle size and adhesion strength 𝒈adh. (a) 
Real phase boundary for unlimited uptake (b) apparent phase boundary if a shrinkage of >1% of the initial 
vesicle surface area is already considered as unlimited case (see table 2 for simulation parameters).  
  
Experimental Results & Discussion 
Particle-size-dependent correlation between uptake rate and ionic concentration 
For the system studied in this work, a specific ionic environment is prerequisite in order 
to observe passive NP uptake. It has been shown that adhesion strength between 
silica particles and lipid membranes is strongly correlated to the ion concentration of 
the surrounding medium 35,36. In the following section, we quantitatively determine the 
influence of salt concentration on the NP uptake. Fitting the experimentally determined 
values A(t) using Equation (4), we obtain a value for the membrane permeability P. 





 as function of NaCl concentration for different 
NP diameters. 
 
FIGURE 5 A. NP uptake rates into DOPC vesicles as a function of NaCl concentration. The larger the NP, 
the lower the uptake rate as expected from the model discussed in the text. For one particle size, the uptake 
rises monotonically with ion concentration. The exception for 140nm-particles can be explained by colloidal 
instability of the particle suspension. For slightly higher ionic concentration, strong particle flocculation 
was observed. B. The minimal salt concentration Icrit for observing NP uptake as function of NP diameter 
increases with increasing size. There is a good qualitative agreement with apparent phase boundary 
predicted from the model (see Figure 4b).   
For all NP sizes, we find a systematic correlation between uptake rate and salt 
concentration. Below a threshold 𝐼crit, no NP uptake takes place. Above 𝐼crit, the 
observed uptake rates increase and approach a distinct saturation value 𝑃max. This 
transition is much sharper for small particles than for large particles. The DOPC 
vesicles studied here show the highest permeability for the smallest NP used (𝑟𝑁𝑃 =
10 nm). Even for very low salt concentrations, significant particle uptake can be 
observed. For larger NP, an increasing minimal salt concentration 𝐼crit up to 60 mM is 
necessary, as shown in Figure 5B. There is no systematic study on NP size and salt 
concentration for uptake of silica NP in phospholipid membranes, but our results are 
consistent with the few data available in the literature: Le Bihan et al. reported size 
dependent, endocytosis-like uptake of comparable silica NP in DOPC GUVs 37. While 
NP with diameters between d = 190 nm and d = 30 nm are fully enveloped by the 
membrane, smaller NP with a diameter d = 15 nm only adhere to the outer layer of the 
membrane. These experiments were done in 150 mM NaCl, i.e. the high adhesion 
energy case. Moreover, Michel et al. report on the uptake of small silica NP (d = 16 
nm) in small unilamellar DOPC vesicles 38. To the best of our knowledge, in these 
experiments no NaCl was added. However, as these particles are even smaller than 
the smallest particles studied here, even traces of salt could lead to NP uptake as 
indicated by our experiments for NP with d = 20 nm. Finally, a theoretical study by 
Smith et al. concludes that when the adhesion strength is increased above a threshold 
value, the membrane fully envelops the particle, but that the NP remains tethered to 
the membrane if the membrane is homogeneous. In that study the authors claim that 
non-adhesive domains, i.e. an inhomogeneous membrane, are necessary for the 
rupture of the membrane neck. While the first finding is in agreement with our data, the 
latter contradicts our data and earlier work 38,6.  
For an analysis of the values 𝐼crit and 𝑃max we fit the empirical function  
𝑃(𝐼) = 𝑃max(1 − exp(𝑎(𝐼 − 𝐼crit))      (13) 
to the curves presented in Figure 5. 
According to our hypothesis, the saturation measurement value 𝑃max will not actually 
be determined by the membrane properties, but by limited particle diffusion. That is, if 
we fit the experimental data for maximum uptake with Equation (6) with D as single 





      (14) 
Figure 6 shows a very good correspondence between theoretical and experimentally 
derived values. We find the strongest deviations for very small particles. One 
explanation could be a slight overestimation of the hydrodynamic radius due to artifacts 
in the DLS measurements induced by particle agglomerates. Nevertheless, the good 
agreement suggests that the uptake efficiency of the membrane can be close to infinity 
for a limited number of impacting particles.  
 
FIGURE 6 Comparison between experimentally derived diffusion coefficient (Equation 8) and the theoretical 
value predicted from Stokes-Einstein (T=300 K, 𝜼 = 1 mPas). The very close correspondence suggests that 




Suppression of NP uptake at high NP concentration 
So far, we have considered the uptake efficiency to be independent of the particle 
concentration. However, for very high particle impact rates, we would expect 
membrane tension to be an obstacle to particle envelopment, especially for large 
particles. To test this hypothesis, we determined P(c) for 60 nm NP at a constant ionic 
concentration of 50 mM at T=20 ℃. The resulting vesicle shrinking curves are shown 
in Figure 7. 
 
FIGURE 7 (A) Shrinking of DOPC GUVs in the presence of different concentrations of 60 nm NP at constant 
salt concentration. (B) The maximal vesicle permeability P determined from A as function of NP 
concentration. The non-linear relationship can be interpreted as a competitive behavior of NP on the 
membrane. 
For low NP concentrations c ≤ 1m² l⁄ , the uptake rate depends linearly on the NP 
concentration, as expected from Equations (8) and (10). Above 1m² l⁄ , the increase in 
uptake rate becomes non-linear with respect to NP concentration (Figure 7B). 
As mentioned above, the most reasonable explanation for the suppressed uptake rates 
in the high concentration regime (Figure 7) is a tension-mediated competitive behavior.  
In our explanation, at 𝐼crit the adhesion force reaches a threshold exceeding the sum 
of the membrane tension and the membrane bending. Our experiment reveals a non-
linear increase of 𝐼crit for larger NP (Figure 6B). We assume that this increase of 𝐼crit 
corresponds to the increased adhesion forces necessary to overcome the contrary 
bending and tension forces for larger particles. This cannot be explained by bending 
forces, as bending energy density decreases for larger particles. Therefore, membrane 
tension must dominate the uptake process and is the major force that adhesion has to 
overcome in order to result in NP uptake. This has to be rather a membrane mediated 
particle-particle interaction effect 28,40,41. However, Michel et al. attribute similar effects 
observed in small unilamellar vesicles to electrostatic interactions 38. 
More adhered and/or enveloped NP result in an even higher membrane tension. This 
is caused by a disturbance of the equilibrium state between tension-releasing pore 
formation and tension-inducing NP adherence. The low number of pores compared to 
adhered NP is not able to compensate for the high tension, as stated in the theory 
section. Ergo, membrane tension rises resulting in a decreasing membrane 
permeability. Overall, taking these considerations into account, membrane tension is 
very likely to dominate the uptake behavior in the entire particle size regime as long as 
the system consists of many NP interacting with a vesicle.  
 
Conclusion 
This study describes an endocytosis-like internalization of nanoparticles into liquid 
phase Giant Unilamellar Vesicles. Uptake rates depend on nanoparticle adhesion and 
size as well as the membrane’s resistance to pore formation, which results in a finite 
susceptibility to particle uptake. We proposed a simple model, taking into account the 
formation of pores by membrane fission during a many-particle uptake. This model 
predicts a system behavior that features many qualitative aspects of the experimental 
results. 
We show the existence of two distinct phases of particle uptake, which we call “limited” 
and “unlimited” uptake. Experimentally, we focused on the unlimited case and 
observed an upper threshold for the particle size for given system parameters and find 
smaller NP to be internalized more efficiently than larger NP. 
The size threshold for unlimited uptake is a function of the adhesion force between 
particle and vesicle surface and can be described qualitatively by the limited volume 
loss through induced membrane pores. For a conclusive quantitative description, 
however, there is still too little information on the relation between ion environment and 
particle-membrane adhesion, as well as on the effect of ions on the membrane 
permeability. A lower threshold for the particle size could not be observed in this work, 
but would be expected for experiments on particles with smaller size if a cooperative 
uptake (as observed in other studies) can be avoided.  
As soon as the adhesion strength crosses said threshold, a relatively sharp transition 
to unlimited uptake is observed. In this case, the uptake rate is only limited by the 
diffusion of particles to the vesicle. 
We emphasize here that the observed behavior is not only interesting for the 
development of lipid-particle hybrid systems42, but will also to some extent influence 
cellular uptake mechanisms. The observed and predicted size effects coincide 
qualitatively and quantitatively with numerous observations in biological systems 43–45 
where a size optimum of typically 10𝑛𝑚 < 𝑟 < 40𝑛𝑚 has been found for particle 
uptake. 
Of course, particle uptake in cells is usually regulated by active processes and 
influenced by many specific aspects. For example, the cytoskeleton will introduce a 
shear resistance to the membrane and particles will usually be covered by a protein 
corona which modifies the interaction forces between particle and cell surface 46.  
However, since typical adhesion forces and mechanical membrane properties of cell 
membranes and lipid vesicles are similar in many respects, the influence of 
fundamental physical aspects can be more important than is often expected. 
Especially, they can provide an explanation for phenomena such as the massive 
uptake of unspecific nanomaterials such as silica and metal particles and the existence 
of general size optima for such uptake processes. Moreover, it has been shown before 
that the thermodynamic state of lipid membranes can switch particle uptake states 6.   
Taken together, we believe that lipid related effects can play a major role for particle 
uptake in living systems and even lipid-controlled uptake mechanisms seem feasible. 
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Since our observations show that internalized, i.e. membrane coated particles cannot 
escape from the vesicle volume, we regard the uptake as a diffusive process through 
a membrane with an interior particle concentration 𝐶i = 0. The total current of NP 
through the membrane with an area 𝐴(t) can thus be described as 
𝐼int = d𝑁 d𝑡⁄ = 𝐶S(𝑡)𝑃𝐴(𝑡)   (1). 
We calculate the expression of diffusion current density 𝑗(𝑟) as a function of radial 







      (2), 
where 𝐷 is the diffusion constant of the NP. Setting the boundary conditions  𝐶(𝑅) =
𝐶S and 𝐶(∞) = 𝐶∞, the diffusion current 𝐼dif can be described as: 
𝐼dif = 4𝜋𝐷(𝐶∞ − 𝐶S)𝑅   (3). 
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with 𝐾 as an integration constant and the Lambert-W-function 𝔚. 
